Manual hyperinflation (MHI) is used by physiotherapists as a treatment technique in intubated patients. This study investigated the effect of three different MHI techniques using a Mapleson-C circuit configuration with a CIG Medishield valve on volume delivered (Vt), peak inspiratory (PIFR) and expiratory flow rates (PEFR), and peak airway pressure (PAP) in a test lung model. The protocols differed in the degree of valve closure and inclusion of an inspiratory pause. For protocols 1, 2 and 3 the measures were Vt-1.33 (0.21), 2.74 (0.13), 3.55 (0.12) litres; 24.00 (0.47), 30.20 (0.92) cmH 2 O and PIFR-1.13 (0.05), 1.51 (0.15), 1.32 (0.09) l/s respectively. All pair comparisons were statistically significant except for PEFR (l/s), which was significantly lower for protocol 1 [1.62 (0.06)], compared to protocols 2 [2.01 (0.25)] and 3 [2.10 (0.19)] but not between protocols 2 and 3. Circuit and technique choice should be considered in relation to the specific therapeutic aim of treatment.
Manual ventilation with a bagging circuit is commonly used in intensive care units by physiotherapists, nurses and medical staff. It is also used for resuscitation and during anaesthesia. Barnes and Kirchhoff 1 define various techniques that are often globally called "bagging" and describe manual ventilation as providing tidal volume breaths, and manual hyperinflation (MHI) as providing greater than baseline tidal volume breaths. Bagging can be used for a variety of purposes including oxygenation before and after suctioning procedures 1 , to prevent or reverse atelectasis and collapse 2, 3 , to facilitate secretion removal in intubated patients 4, 5 , and to maintain ventilation for patients when mechanical ventilation is interrupted, for example during ventilator circuit changes or when transporting a patient 6 .
Physiotherapists use MHI to reverse or prevent loss of lung volume. The application of larger than normal tidal volume breaths, use of a slow inspiratory flow rate and an inspiratory pause have all been considered important. When used to assist in removing secretions the aim has been to simulate a cough. Coughing generates high expiratory flow rates and is thought to move secretions by mist flow 7, 8 . As the maximum expiratory flow rate that can be achieved in a specific subject or patient is in part dependent on lung volume 7 , a larger than tidal volume breath may result in a higher expiratory flow rate. Thus MHI, by delivering a large volume breath, may increase expiratory flow rate and assist in moving secretions towards more proximal airways where they can be cleared by suctioning 4, 5 .
Early investigation into the effectiveness of bagging using different circuits focused on performance criteria of the system. Factors such as the oxygen concentration delivered [9] [10] [11] [12] , safety of the circuit with respect to pressure build-up [10] [11] [12] , effect of temperature on the performance of the bag 11, 12 , resistance of the expiratory valve 13 and effect of mucus on the inflation valve 11, 12 have all been examined. Studies of the effect of operator performance on the volume delivered during manual ventilation have examined the influence of the number of hands used to compress the bag [11] [12] [13] [14] [15] and hand size 14, 15 . None of these studies however has evaluated the subtleties of clinical use of the circuitry or the individual MHI techniques that have developed over time for the specific purposes of chest physiotherapy.
There are different circuit types used for MHI in Australia 16 technique is applied, for example the use or omission of an inspiratory hold 17, 18 . The aim of this study was to evaluate the effect of three techniques of MHI, using the Mapleson-C circuit configuration with the CIG Medishield spring-loaded valve, on the pattern of ventilation in a test lung model. The effect of position of the valve (degree of closure) when using this circuit and the influence of including an inspiratory hold are reported.
MATERIALS AND METHODS
The following manual hyperinflation protocols were compared by drawing without replacement a number between one and three, to randomize the order of the trials.
Protocol 1-partially open: The valve was partially open throughout inspiration and expiration. The position of the valve was adjusted so that when the bag was at a stable, fully inflated state, the endexpiratory pressure observed in each of the test lung manometers was 5 cmH 2 O. The bag was compressed to provide a breath without manually closing the valve, then the bag was released once it had been emptied. Bag compression was not maintained during expiration.
Protocol 2-fully open: The valve was adjusted to the fully open position but manually held closed during inspiration, then released to the fully open position during expiration. The bag remained compressed during the expiratory phase. When the pressure measured on the manometers had returned to zero cmH 2 O (end-expiration), the bag was released and allowed to fill prior to the next inspiration.
Protocol 3-fully open with pause: As for protocol 2 but with valve held closed and bag compression maintained for three seconds (pause) at the end of the inspiratory phase.
For each protocol the same experienced physiotherapist performed the manual hyperinflation techniques. After allowing sufficient time for the bag to fill completely, the therapist aimed to empty the bag with each manoeuvre. One hand was used to support and control the valve, and the other to support and compress the bag (referred to as one-hand performance). The circuit was operated with a constant flow of 12 l/min of air.
The manual inflation circuit used in this study consisted of a right-angle exhale valve (CIG Medishield, CIGDF655) with a side inlet for connection to a gas supply and a two litre antistatic rebreathing bag. The valve itself is spring-loaded and can be adjusted to change resistance to expiration. From any position the valve can be manually held closed during inspiration and, when released to allow expiration, the valve returns to the preset position.
The circuit was connected in series with a heated linear pneumotachometer (model 3813, Hans Rudolph Inc., Kansas City) and a test lung (the Vent Aid ® TTL ® Michigan Instruments Inc.) after calibration of the pneumotachometer with a three-litre syringe.
The Vent Aid ® TTL ® consists of two lungs with independent measures of volume and the capacity for alteration of lung compliance and airway resistance individually or in combination. In addition, pressure within the system can be measured at three points with separate manometers. One manometer can be connected into the circuit at any point proximal to the connection between the "bronchus" and the "lung", and there is a manometer within each of the two "lungs". The compliance of this test lung is consistent for tidal volumes greater than 1.0 litre at settings less than 0.10 l/cmH 2 O 19 . The capacity of the Vent Aid ® TTL ® is two litres per lung above the "functional residual capacity" of approximately 918 ml per lung 19 .
For this study compliance of the "lungs" was set at 0.05 l/cmH 2 O, which is close to the dynamic compliance for a paralysed, anaesthetized, supine person 20, 21 . Three resistors, (No. 4, ID 9.0 mm) each with a parabolic resistance characteristic of 2.33± 5% cmH 2 O/l/s at a flow rate of 1.0 l/s were used to represent the trachea and main bronchi. This resistance is within the range for normal, anaesthetized patients excluding apparatus resistance according to Nunn 20 but lower than that described by Oh 21 for a sedated, partially paralysed, intubated and ventilated patient of 10 to 15 cmH 2 O/l/s. The variables of the ventilation pattern measured were volume delivered, inspiratory and expiratory flow rates and peak airway pressure. Breath-bybreath measures of volume were recorded continuously on computer file by the PulSys (version 1.2) computer program from the flow pattern of the pneumotachometer. Peak inspiratory flow rate (PIFR), peak expiratory flow rate (PEFR) and pause volume were measured from the strip chart generated by PulSys. Peak airway pressure was observed on the manometers of the test lung and manually recorded.
Each separate protocol was recorded for two minutes, after a period for familiarization with the recording equipment. The number of breaths for each trial ranged between 10 and 12 and the middle 10 breaths for each protocol were taken and analysed using one-way analysis of variance (SigmaStat version 1.0, Jandel Corporation). Post hoc analysis using the Tukey Honestly Significant Difference (HSD) method was then manually performed to determine the significance of any differences between means for tidal volume, peak inspiratory and expiratory flow rates and peak airway pressure for each possible pair combination (protocol 1/2, 2/3, 1/3). The significance level was P<0.05.
RESULTS
There were statistically significant differences between the three protocols for all measures of pattern of ventilation except PEFR. The difference in PEFR was statistically significant for each of the twovalve fully open protocols (protocols 2 and 3) when compared with the valve partially open protocol (protocol 1) but not when compared to each other. Differences between protocols are summarized in Table 1 , and the mean (SD) for all the parameters measured are shown in Table 2 . Breath-by-breath values are shown in Figure 1 .
Protocol 1 displayed the greatest variability in volume delivered, 1.33 (0.21) litres. The difference in volume delivered between the two fully open protocols 2.74 (0.13) and 3.55 (0.12) litres (protocols 2 and 3 respectively) was entirely due to the volume delivered during the pause in protocol 3, 0.83 litres. With the pause volume removed, the difference in volume delivered with the fully open protocols was not statistically significant (P=0.72). PIFR was most consistent for protocol 1 (Figure 1) .
DISCUSSION
This study has demonstrated that the degree of valve closure and operator performance can be important determinants of the volume delivered during manual hyperinflation and, for protocols with the valve fully closed during inspiration, the volume delivered can exceed the bag capacity. This occurred using one hand to compress the bag and is in contrast to the findings of previous studies on volume delivered using a one-hand technique 14, 15, 22 The greater than bag capacity volumes achieved for protocols 2 and 3 can be accounted for by the location of the gas feed line 11 . The difference in volume between protocols 2 and 3 is entirely due to the additional gas delivered during the inspiratory pause. For protocol 1, the valve acts as a pressure relief valve, therefore gas can vent to the atmosphere rather than contribute to ventilation 23 and this accounts for the difference in volume delivered between protocols 1 and 2.
The difference in volumes delivered in this study was statistically significant for all comparisons, and is also clinically significant. For a patient on synchronized intermittent mandatory ventilation with a tidal volume of 800 ml (approximately 12 ml/kg) the volume delivered with protocol 1, 1.33 litres, is greater than the recommended increase of 150% of tidal volume to prevent the adverse effects of suctioning 24 , but less than the increase of twice the tidal volume necessary to reverse atelectasis in patients undergoing general anaesthesia 25 . In contrast, protocols 2 and 3 exceed a tidal volume of 800 ml by 340 and 450% respectively.
It is accepted that volume delivered contributes to PAP, and high PAP is one reason MHI may be considered to be contraindicated. An increase in alveolar pressure is thought to be associated with barotrauma, while an increase in intrathoracic pressure may compromise cardiac output. Inspiratory flow rate can also influence PAP but is not often considered. The effect of inspiratory flow rate on PAP during manual hyperinflation in a test lung model has been demonstrated by Thomas and Wong 26 . Inspiratory flow rates of 1.67 and 0.95 l/s produced a statistically significant difference in PAP of 7.5 cm/H 2 O (P<0.05). As the difference in volume delivered was minimal, 0.9 versus 1.0 litre respectively, the difference in PAP must have been related to the inspiratory flow rate. We propose that PAP generated in this current study was related to volume delivered rather than inspiratory flow rate based on the consistency of the PAP generated despite the variability in PIFR. This is most clearly demonstrated when looking at the breath-by-breath analysis of PIFR and PAP for protocols 2 and 3. Figure 1 shows that although the inspiratory flow rate for protocol 2 was higher than protocol 3, the PAP was lower. Clinically, pressures less than 40 cmH 2 O are considered acceptable, therefore all of the protocols in this study would meet this requirement.
Factors that could influence PIFR during MHI are operator performance and resistance to flow in the circuit or in a patient's lungs/test lung system. The variability in PIFR demonstrated for protocols 2 and 3 would indicate that the rate at which the bag was compressed, rather than the circuit itself, was the main influence on PIFR during these trials. In contrast PIFR generated for protocol 1 showed very little variability. As the same physiotherapist performed all three techniques it is likely that some variability in PIFR would also have been found for protocol 1 unless the circuit itself limited PIFR.
Peak expiratory flow is considered important by many physiotherapists for secretion clearance in intubated patients. It has been demonstrated previously that individual circuits and expiratory valves exhibit different resistive characteristics depending on the expiratory flow rates, and that variations exist between circuits 13, 27, 28 . Protocol 1 in this study resulted in the slowest PEFR and, despite the greatest variability in the volume delivered (±0.21 litres), the PEFR was the most consistent (±0.06 l/s). This would suggest that the circuit itself, at the volumes achieved in this study, provided enough resistance to limit peak expiratory flow rate. Jones and colleagues 29 reported manually opening the Heidbrink valve of the Mapleson-C circuit during the expiratory phase of MHI in their clinical study to "allow a fast PEFR", indicating that they considered that the valve retarded expiratory flow. The additional volume delivered using protocol 3 versus protocol 2 (0.83 litres, P<0.05), even though it produced a greater recoil pressure as indicated by the higher PAP, did not increase PEFR. This demonstrates that, even with the valve fully open, expiratory flow can be retarded.
Inspiratory flow rate has been shown to influence distribution of ventilation in intubated patients 30 and therefore is of importance for restoring lung volume. The role of PIFR with respect to secretion clearance is not well researched, but the literature suggests that if inspiratory flow rate is at least 10% slower than the "critical" expiratory flow rate, secretions may be moved toward the mouth 31 . The critical expiratory flow rate will vary depending on the rheological properties of the mucus 31 . Benjamin et al 32 have demonstrated that the inspiratory to expiratory flow rate ratio can influence secretion movement in an intubated sheep model but there have been no human studies to date. Further research is required to determine the appropriate PIFR in relation to volume restoration and the minimum PEFR to promote secretion clearance.
Two previous studies 17, 18 , involving multiple physiotherapists performing MHI using a Mapleson-B circuit with the Vent Aid TTL, have reported variability between individual physiotherapists in the volume delivered and PAP generated. Of interest is that in both studies the mean volume delivered was essentially the same, 1.77 (0.31) versus 1.77 (0.34) litres but PAP varied being 22.15 (5.97) and 30.8 (6.2) cmH 2 O respectively. Neither of these studies described how the valve was used, measured PIFR or quantified the effect of an inspiratory pause. The potential maximal difference in PAP, 16 versus 37 cmH 2 O, therefore cannot be readily explained.
The design of this current study eliminates the variability between physiotherapists so that the effect of circuit configuration, and the inclusion of an inspiratory pause, can be reported. The effects of these variables, in circuits other than the Mapleson-C used in this study, needs to be investigated.
Clinical studies have demonstrated that the use of MHI can reverse atelectasis in intubated patients 2, 3 . The efficacy of MHI in enhancing secretion clearance has been reported by Hodgson et al 33 who demonstrated an increase in wet weight sputum yield using MHI and postural drainage. Ntoumenopoulos et al 34 reported a trend to reduction in the incidence of nosocomial pneumonia in trauma patients managed with MHI and postural drainage. Again, these studies did not describe how the valve was used, report volume delivered, flow rates generated, nor quantify the inspiratory pause to allow analysis of why the technique may have been effective.
CONCLUSIONS
This study has demonstrated that during manual hyperinflation in a test lung model, operator performance and circuit configuration influence the pattern of ventilation, in particular volume delivered, PIFR and PEFR. Operator performance, that is the inclusion of an inspiratory pause, also influences the PAP generated as a consequence of the volume delivered. The precise circuit configuration, gas flow rate to the circuit, and the length of or volume delivered during an inspiratory hold must be described. Unless these factors are considered and accurately described, only very limited, if any, inferences can be made about the effect of manual hyperinflation use in the clinical setting.
When selecting a bagging circuit and manual hyperinflation technique, the purpose of the application must be considered carefully. Depending on the therapeutic aim, the volume delivered or PEFR generated may be more important. If the primary aim of treatment is to reverse atelectasis, using a circuit and technique such as protocol 3 described in this study may be the more effective as a larger volume is delivered. If however secretion clearance through generation of high expiratory flow rates is important, protocol 2 may be more appropriate as generation of a higher PEFR is possible compared with protocol 1, and a smaller volume and lower airway pressure is generated compared with protocol 3. Considerations of this nature are important for physiotherapists using manual hyperinflation as there is evidence that lung damage due to positive pressure ventilation is related to barotrauma and/or volutrauma.
Further research is required to examine the influence of operator performance and circuit design on the performance of manual hyperinflation, and how these variables influence the therapeutic aims of volume restoration, secretion clearance and prevention of the adverse effects of suctioning in the intubated patient.
